The stability of residual oil is considered to be one of the major factors in coke deposition onto the inner surfaces of furnace tubes in distillation units, such as the vacuum distillation unit (VDU). This preliminary study investigated the stability of a Middle East atmospheric residue oil and the coke deposition tendency on type 304 stainless steel surfaces and chromium molybdenum steel surfaces. The latter materials are widely used as furnace tube materials. Coke deposition rates were determined using a laboratory scale test apparatus at atmospheric pressure. The oil was fed in once-through mode into the inlet of the test section of the apparatus for 24h. During the feeding of the oil, the temperature of the metal surface of the test tube was controlled within a range The results suggest that the analysis of P-values of the feed and effluent oils together with coke deposition is useful to estimate the quantity of deposited coke on the furnace tubes before operation.
The stability of residual oil is considered to be one of the major factors in coke deposition onto the inner surfaces of furnace tubes in distillation units, such as the vacuum distillation unit (VDU). This preliminary study investigated the stability of a Middle East atmospheric residue oil and the coke deposition tendency on type 304 stainless steel surfaces and chromium molybdenum steel surfaces. The latter materials are widely used as furnace tube materials. Coke deposition rates were determined using a laboratory scale test apparatus at atmospheric pressure. The oil was fed in once-through mode into the inlet of the test section of the apparatus for 24h. During the feeding of the oil, the temperature of the metal surface of the test tube was controlled within a range Heithaus evaluation method, which indicates the tendency of asphaltene flocculation to form sludge. A decrease of P-value indicates decreased oil stability with the formation of sludge.
Coke deposition experiments were carried out at higher temperatures than the conventional VDU operation to promote coke deposition. The results
showed that the coke deposition rate was slightly lower for stainless steel than for chromium molybdenum steel.
The coke deposition rates increased exponentially regardless of the materials. The P-values of the effluent oil with heating temperature. The changes in P-values correspond to removal of unstable aggregates of asphaltenes from the oil. The unstable aggregates are thought to be one of the predominant precursors for coke deposition.
Introduction
Coke deposition in furnace tubes has recently become a problem for refineries because of the requirements for deep cut and long-term continuous operation of vacuum distillation units (VDUs)1),2). Deep cut operation tends to raise the skin temperature of the furnace tube and promote coke deposition, which makes it difficult to attain long-term operation, as periodic shutdown maintenance of furnace is needed at short intervals. Great efforts have been made to manage furnace tube coke deposition during operation1)-3). Such methods include direct measurement of the skin temperature of the furnace tube, control of the coil outlet temperature, differential pressure between the coil inlet and the outlet, and control of the temperature of the slop oilpull out zone4).
Asphaltenes in petroleum are present as micelles in which light components stabilize the asphaltenes in oil5)-8). Coke formation in residual oils such as vacuum residue from thermal cracking, proceeds via flocculation of asphaltenes resulting from the destabilization of the residual oil9), 10) The present study experimentally simulated VDU furnace tube coke deposition to investigate the tendency of coke deposition associated with asphaltene flocculation in a Middle East atmospheric residue using a laboratory scale test apparatus.
The effect of oil stability was investigated on coke deposition from the residual oil onto metal surfaces, such as stainless steel. The oil stability can be evaluated by measuring asphaltene flocculation in the residual oil11)-13) The Heithaus stability evaluation method11),13), based on a solvent titration technique, was used to measure the oil stability. This preliminary study was the first step aiming at estimating coke deposition in the VDU furnace tube. The amount of coke deposited was evaluated using a laboratory scale test apparatus, Alcor Inc. Hot Liquid Process Simulator (San Antonio, TX, USA) at atmospheric pressure.
The experiment was carried out at various temperatures including higher temperatures than the conventional VDU operation to promote coking. The schematic view of the test apparatus is shown in Fig. 1 . Detail of the test section containing the test tube is shown in Fig. 2 . The oil preheated at at a flow rate of 1ml/min, which corresponds to a linear velocity of 1.7mm/sec, into the inlet of the test section of the apparatus for 24h. During oil feeding, the temperature of the metal surface of the test tube was mocouple installed on the inner wall of the test tube (TIC in Fig. 2 ). The test tubes were hollow tubes with 1.5mm inner diameter, outside diameter of 3.2 mm and wall thickness of 0.85mm. The fluid was designed to flow along the outside of the test tube in the test section. The length of the test tube in contact with the fluid was 60mm.
The test tube was designed to be heated as a resistance coil by current flow. During the experiment, temperatures were monitored at the inlet and the outlet of the fluid and the metal surface of the inside the wall of the test tube (TI-1, TI-2 and TI-3 in Fig. 2, respectively) .
In the present study, the temperature of the inside wall was defined as the surface metal temperature.
The metal temperature had a gradient from the inlet to the outlet and reached the maximum around the outlet. The maximum temperature was used as the surface metal temperature in the series of tests. The amount of coke deposited was measured by comparing the weight of the test tube before and after the experiment and expressed as weight of coke deposited per unit time. Each test tube was washed with acetone and dried in air before the experiment.
The test tube was washed thoroughly with hexane before weighing to remove sticky oil bound to the test tube without dissolving the coke deposited.
The effluent oil was collected for the determination of the flocculation tendency (P-values) of asphaltene in comparison with the fresh feed.
2.2.
Property of Feedstock A Middle East atmospheric residue, originating from Kuwait and Basrah crude, was used as feedstock. General properties including the oil stability are shown in Table 1 . Details about P-values are described below.
2.3.
Test Materials Type 304 stainless steel and chromium molybdenum steels (5Cr-1/2Mo and 9Cr-1Mo) were used as the test tube materials.
Stainless steel test tube was commercially available.
Chromium molybdenum steel test Analysis of Oil Stability The stability of the feed and the effluent oil was analyzed by the Heithaus evaluation method11) according to the recent methods using solvent titration technique12),13). This method is generally used to predict the stability of heavy oils and is carried out by titration of a solution of aromatic solvent and a solution of paraffinic solvent into the oil to determine the flocculation tendency of asphaltene.
The flocculation tendency of the asphaltene was measured by monitoring the particles that become visible with the onset of flocculation under a Nikon DIAPHOT TMD300 microscope (Tokyo).
In the present study, the solvents used for lene as an aromatic solvent and n-hexadecane as a to hexadecane were in the range of 0.15-0.49. The measurement procedures were as follows: dilution of sample oils with different volumes by aromatic solvent; titration by paraffinic solvent into the diluted sample oils with aromatic solvent; monitoring of the onset of the asphaltene flocculation under a microscope; since the solvent ratio (aromatic solvent versus parafinic solvent) against the reciprocal of the dilution ratio by paraffinic solvent should be a straight line, the intersection point at x-axis and y-axis by extrapolation conesponds to the dilution ratio at which flocculation starts and the minimum aromaticity required to prevent flocculation, respectively.
The minimum aromaticity or maximum flocculation tendency, FTmax, can be expressed as follows:
From these measurements, the three parameters of pa, po and P were obtained as an evaluation of the stability of sample oil. tube, the inhibition in the coke deposition observed over stainless steel may be attributable to a difference in adsorption affinities of the precursors for coke deposits onto the metal surfaces. Filamentous coke is reported to grow by the metal-catalyzed reaction14),15) However, electron microscopy observed no such filamentous coke (data not included).
Adsorption models, such as the Langmuir adsorption model, assume reversible adsorption for the adsorbate16),17). Adsorption affinity is expressed as a function of the ratio of adsorption to desorption of adsorbate.
Stainless steel has relatively good corrosion resistance due to the formation of a chromium-rich oxide surface film called the passive film18). On the other hand, chromium molybdenum steels do not form such a passive film and the surfaces are susceptible to sulfurization of surface iron in contact with heavy oils. Therefore, the surfaces of the chromium molybdenum steel test tubes may have been sulfurized during the experiment.
Such distinct structures of the metal surfaces may have caused differences in adsorption affinities for the precursors of the coke deposits.
A full understanding of the mechanism of coke deposition requires information about the surface properties, such as the surface affinities in relation to coke deposition in heavy oils during heating.
Asphaltene Flocculation and Coke Deposition
The mechanisms of coke deposition occurring in residual oils are thought to differ from those in light components, such as pyrolysis of ethane19), as described above. The most prominent feature of coke deposition from residual oils in furnace tubes seems to be related to asphaltene flocculation, which leads to the formation of the coke precursor'.
It is generally accepted that coke deposition is affected, regardless of type of oil components, by the mass velocity of the fluid, fluid viscosity, temperature of the fluid film formed adjacent to the furnace inner surfaces, and equipment design1)-3). The present study investigated asphaltene flocculation as an indicator of oil stability that leads to the formation of the coke precursor. The stability of the feed and the effluent oils in the case of the stainless steel test tube are summarized in Table 2 . The stability is also illustrated in Fig. 5 . The Heithaus stability evaluation method shows that the critical value of parameter P at which asphaltene flocculation initiates was about 1 in marine fuels12). According to this criterion, the feed oil in the present study, with a P-value of 2.2, should be classified as a stable oil. However, the effect of the effluent temperature on P-values should be noted, since the coke deposition rate increased with metal surface temperature. The P-values increased with effluent temperature although these values were smaller than that of the fresh feed oil. These trends also coincided with change in the parameter po. However, the change in parameter pa according to the effluent temperature was independent of the other parameters, P and po, showing values relatively close to that of the fresh feed. These changes could result from the improved oil stability caused by the removal of unstable aggregates of asphaltenes from the oil. The decreased oil stability was probably due to the change in the peptizing power of maltene rather than the change in the peptizability of the asphaltene in the heated oil. The occurrence of asphaltene flocculation is the result of reduced solubili- Table  2) ty of the asphaltene in maltene, especially the decrease in compatibility between asphaltene and resin components.
The marked change in po during heating indicates that the effect of maltene to stabilize asphaltene is susceptible to change during heating. Table 3 . The measurements of oil stability suggest that the P-value is more useful to detect the overall state of the oil than other chemical characteristics, such as the composition and the carbon aromaticity, in particular the sensitivity to detect the stability of asphaltene in the oil. A possible mechanism for the coke deposition associated with stability of the atmospheric residue oil is depicted in Fig. 7 . The asphaltene micelles are destabilized by heating and flocculation of the asphaltenes is initiated, which provides the precursors for deposited coke; the flocculated asphaltenes are adsorbed onto the metal surface as a result of the equilibrium between adsorption and desorption of the precursors; the deposited precursors are converted to coke at the metal surfaces by dehydrogenation, which is the main mechanism of formation of the deposited coke; and the coke precursors continue to be deposited onto the surfaces of the matured coke at the metal surface as well as onto the metal surfaces. Based on this coke deposition mechanism, the trends of coke seen in the present study could be interpreted through two processes; the coke precursor/metal surface interaction; and the coke precursor/mature coke deposit interaction.
The former interaction would affect the difference in the coke deposition rates between the test tube materials due to the difference in adsorption affinities.
The latter interaction would affect the enhancement of coke deposition onto the test tube materials as the metal surface temperature increases, as shown in the exponential increase of the coke deposition rates.
Prediction of Coke Deposition
The thickness of the coke deposited onto the inner surface of the coil can be calculated from difference between the maximum tube metal temperature and bulk fluid temperature based on the following equation of API recommended practice 53020): 
